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Description 

Background of the Invention 

The present invention relates to a submersible lens s 
fiberoptic assembly for use in a biological environment 
and especially to a submersible ball lens fiberoptic 
assembly for photodynamic therapy treatments (herein- 
after refened to as PDT) for transferring radiation from 
an optical fiber to surrounding tissue. w 

There are three existing types of f iberoptics used for 
light delivery in PDT treatments. These three known 
arrangements are shown in Figure 1A, 1B and 1C. 

Figure 1 A shows an arrangement known as a cylin- 
drical diffuser. In this, a cylindrical optical element 1 1 is is 
butted against an optical fiber 12, and functions to cylin- 
drically diffuse light coupled into it via the optical fiber. 

Figure 1 B shows a prior an arrangement known as 
a spherical diffuser. In this, a spherical optical element 
1 3 is coupled to an optical fiber 1 4 by an optical coupling 20 
1 5, and functions to spherically diffuse light from the opti- 
cal fiber into surrounding tissue. 

One disadvantage of the prior art constructions 
shown in Figure 1 A and 1 B is that every spot light source 
on the diffusing material emits light in a random direction; 25 
that is, there is no localization control over the specific 
tissue being treated. 

A third prior art arrangement is shown in Figure 3C, 
this being an arrangement known as a submersible mic- 
rolens. In the arrangement of Figure 3C light rays are 30 
emitted at a controlled divergence due to the functions 
of lenses. In this construction, a housing 16 encloses a 
miniature lens 1 7, and the housing is closed by a trans- 
parent cover plate 18. The end of an optical fiber 19 is 
positioned at the back focal point of the lens 1 7. The I oca- 35 
tion of the back focal point of the lens is influenced by 
the index of refraction of the lens and of the medium in 
contact with the lens and the optical fiber surface. In the 
construction shown in Figure 1 C, the back focal point is 
fixed by sealing the f ber and lens in air through use of 40 
the housing 16 and window or cover plate 18. When this 
assembly is submerged in water or a saline solution, the 
beam divergence is reduced but the end or face of the 
optical fiber remains in focus since the medium sur- 
rounding the curved refracting surface of the lens is 45 
unchanged. 

The ideal assembly for coupling radiation from an 
optical fiber into tissue is one which produces a highly 
divergent beam of light whose cross section everywhere, 
in air or water, is a magnified image of the optical fiber so 
end or face. While the arrangement of Figure 1C does 
achieve many of these objectives, the construction is 
complicated and accordingly expensive to manufacture. 

US-A-4 695 697 discloses a submersible lens ffoer 
optic assembly which can produce a highly divergent ss 
beam of light for use in a biological environment com- 
prising: 

an optical fiber with an end face for emitting laser 
light energy, a fiber jacket means for protecting the opti- 



cal fiber, a ball lens for producing a controlled and highly 
divergent beam of light and a housing means fixed to 
the fiber jacket means and enclosing the bail lens and 
the end face of the optical fiber in a predetermined rela- 
tionship with respect to each other, the lens material 
bang artificial sapphire which usually has a refractive 
index of 1.76. 

US-A-4 865 029 relates to laser hand-piece with a 
focusing lens. The lens is a GRIN-rod lens which, at a 
certain length, focuses the laser light within the rod. The 
refractive index of this rod lens is however under 1.7 as 
described in column 10. line 19 thereof. A threaded con- 
nection is provided between the lens housing and the 
f foer jacket such that the beam divergence can be con- 
trolled. 

US-A-4 408 980 discloses a fiber lens assembly 
comprising a hemispherical lens with its spherical skfe 
facing the optical fiber end. 

Zr -material microspheres are per se known from EP- 
A-0 224 375 (related to the manufacturing of the 
spheres). The application mentioned in that document 
only relates to retrof lective pavement markings or traffic 
sign markings. 

EP-A-0 336 156 discloses a ball lens coupled to a 
ftoer. The lens material is not disclosed and the laser 
beam should be focused outside the lens. 

Objects and Summary of the Invention 

It is an objective of the present invention to provide 
a simplified, inexpensive and easily manufactured sub- 
mersible lens fiberoptic assembly. 

It is another objective of the present invention to pro- 
vide a novel submersible lens fiberoptic assembly which 
can produce a highly divergent beam of light whose 
cross section everywhere, in water or in air, is very close 
to a magnified image of the fiber end. 

It is another objective of the present invention to pro- 
vide a submersible lens f beroptic assembly which does 
not require the use of any optical window for isolating 
lens components from the medium in which the assem- 
bly is used. 

It is a still further objective of the present invention 
to provide a submersible lens fiberoptic assembly which 
can be used in conjunction with side-looking fiberoptic 
scopes for treatment of areas inaccessible to a "forward 
looking" lens. 

These objectives are solved by an assembly accord- 
ing to claim 1 . 

Preferably a lens made of zirconia is used for trans- 
ferring the light beam and controlling the beam diver- 
gence. As zirconia has good properties of resisting 
mechanical and thermal shock, there is no need to use 
a window as in the case of the prior art In a preferred 
embodiment, the fiber jacket and housing is in a threaded 
connection so that the distance between the optical fiber 
face and the ball lens can be adjusted by simply rotating 
the housing on the jacket. The housing means is prefer- 
ably made of brass. Since the lens is a ball shape, the 
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assembly has good divergent and image formation prop- 
erties. In another embodiment, the present invention pro- 
vides a novel submersible lens ffoeroptic assembly for 
use in PDT treatments using a hemisphere lens with its 
spherical surface facing the optical fiber end for transfer- 
ring the light beam to areas which are inaccessible to a 
normal "forward looking" lens. 



Brief Description of the Drawings 

Figures 1 A, 1 B and 1 C show three different types of 
prior art assemblies used for light delivery in PDT treat- 
ments. 

Figure 2 shows a preferred embodiment of the sub- 
mersible ball lens fberoptic assembly of the present 
invention. 

Figure 3 is a schematic ray diagram of a 1 mm zirco- 
nia ball lens in air of the submersible ball lens ffoeroptic 
assembly of the present invention. 

Figure 4 shows schematically the ray trace of the 
output beam of a 1 mm zirconia ball lens in air. 

Figure 5 is a diagram of the light distribution across 
a spot at 4.1 cm from a 1 mm diameter zirconia ball lens 
of the submersible ball lens fiberoptic assembly of the 
present invention. 

Figure 6 is a schematic ray diagram of an 0.8mm 
diameter zirconia ball lens in air of present invention. 

Figure 7 is a schematic ray diagram of an 0.6mm 
diameter zirconia ball lens in air of the present invention. 

Figure 8a shows schematically the changes of light 
beam diameter with respect to distance from the lens for 
1 mm, 0.8mm and 0.6mm zirconia ball lenses in water 
and in air of the present submersible ball lens fiberoptic 
assembly. 

Figure 8b shows schematically the changes of light 
beam diameter with respect to distance from lens for 
1 mm, 0.8mm and 0.6mm zirconia ball lenses in air of the 
present submersible ball lens fiberoptic assembly. 

Detailed Description 

As mentioned above, one of the important objectives 
of the present invention is to provide a simplified, inex- 
pensive submersible lens fiberoptic assembly which 
requires a minimum in manufacturing equipment and 
produces a highly divergent beam of light having a sym- 
metrical cross section along its length, both in air and 
water. Refening now to Figure 2, a preferred embodi- 
ment of the submersible lens fiberoptic assembly of the 
present invention includes a ball lens 20, an optical fiber 
21 having a fiber jacket 22 and a cylindrical housing 23. 

The ball lens 20 is preferably made of zirconia 
because of its mechanical, thermal and optical proper- 
ties. Specifically, zirconia is a very hard material. If a zir- 
conia ball is placed on a lab table and struck with a 
carpenter's hammer, for example, the table top acquires 
a derrt, but there is no visible damage to the ball. This 
ability to withstand rough handling simplifies the assem- 
bly procedure. The cylindrical housing 23 can be made 



of metal, such as brass. One end of the metal housing 
is drilled to take the press-fitted ball lens 20. The metal 
housing 23 and the f foer jacket 22 are preferably thread- 
edly coupled so that the distance between the optical 
5 fiber face and the ball lens can be adjusted precisely by 
simply rotating the housing 23. The pressf it and the tight 
thread on the f foer jacket make a water tight seal to the 
air chamber (generally indicated by reference numeral 
24) on the input side of the ball. Care must be taken to 
w insure that this volume is free of particles during assem- 
bly since the ball lens produces an enlarged image of 
particles lying on the face of the fiber. 

The exposed surface of the ball lens 20 needs no 
special protection or cleaning procedure. This was dem- 
15 onstrated in an experiment wherein a ball lens fiberoptic 
was coupled to an argon pumped dye laser and sub- 
merged in a test tube of human blood. The dye laser 
power was increased until the blood adjacent to the lens 
surface was boiling vigorously. The ball lens fiberoptic 
so was withdrawn and allowed to "smoke." The baked blood 
was scraped from the lens surface with a knife edge and 
the surface was wiped clean with an alcohol soaked 
gauze. The focused spot using this ball lens appeared to 
be the same as before the test 
2s in accordance with one specific embodiment, the 
ball lens 20 is a 1mm diameter precision optical sphere 
made of zirconia, and the metal housing or cylinder 23 
is drilled through from the opposite end to take a 120 
thread per inch tap. Suitable zirconium spheres are com- 
30 mercially available from Precomp Inc., of Great Neck, 
New York. The metal housing is threaded into the jacket 
22 of a 400 micrometer diameter optical fiber until the 
polished fiber end is in contact with the sphere, and then 
backed off one-half turn. The back focal point for the sub- 
35 merged ball lens assembly is 1 08 micrometers from the 
surface of the ball lens. This is a half turn of the thread. 
The back focal point for the lens in air is inaccessible, 
being 33 micrometers inside the ball. However, the fiber 
end is nearly focused in air and appears sharp in water, 
40 even if the fiber is in contact with the ball. 

The passage of light through the ball lens in air is 
demonstrated by the tracing of oblique meridonal rays 
as shown in Figures 3 and 4. The wavelength is 630nm, 
for which the index of refraction of zirconia is 2.1 52. Fig- 
45 ure 3 is drawn on a scale of 100 X and shows the light 
field in and near the ball. Figure 4 is drawn on a scale of 
10 X and shows the beam for a distance of 2 cm from 
the lens. 

The fiber is in contact with the ball in Figure 3. Each 
so point on the fiber surface is assumed to emit light into a 
cone with an apex angle given by the numerical aperture 
(N.A.) of the fiber. (N.A. is equal to the sine of half the 
apex angle.) Nine such points are labeled in the figure. 
Three rays from each point are drawn to show how the 
55 ball lens forms a focused image of the fiber end. 

The ray traces are symmetrical about the optical axis 
(the line through the center of the sphere and perpendic- 
ular to the fiber face). All rays from the f foer having a com- 
mon direction are focused by the input surface at a point 
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inside the ball. Three such focal points are shown in Fig- 
ure 3 for the three rays of the cone. This focusing of the 
rays inside the lens occurs because the lens is spherical, 
its index of refraction is greater than 2, and the input sur- 
face of the sphere is in air. The light beam has its smallest 
diameter inside the sphere. The rays diverge from the 
focal points and are refracted at the output surface to 
form a more On air) or less (in water) rapidly diverging 
beam. 

The rays of the output beam near the lens in Figure 
3 are extended in Figure 4 into the far field. The points 
of origin of the rays are indicated by the numbers on the 
right of the drawing. The rays from any point on the f toer 
face appear in the output beam as nearly parallel rays 
and are on the opposite side of the optical axis. For 
example, the three diverging rays from the top of the f toer 
in Figure 3 appear in Figure 4 as three nearly parallel 
rays at the bottom of the beam. Thus, any cross section 
of the beam in the far field of the lens is a magnified, 
inverted, nearly focused image of the fiber face. There- 
fore, there is no need for a window on the lens as is the 
case with the prior art. 

Approximate but useful expressions can be derived 
from paraxial ray equations for the output beam diver- 
gence and the beam diameter at the output surface of 
the ball lens. These equations show how physical prop- 
erties of the fiber, ball lens and medium in which the ball 
lens is submerged determine output beam parameters. 
The equations are: 



D f + ^D b (N.A.) 



(2) 



Where 

U = 

D b = 
n = 

ni = 

D 0 = 
N.A. = 



full angle beam divergence in degrees 
optical fiber diameter 
ball lens diameter 

index of refraction of the ball lens material, 
must be greater than or equal to 2 
index of refraction of medium in which lens is 
submerged, is equal to 1 for air, 1 .33 for water 
beam diameter at output surface of the ball 
the numerical aperture of the fiber in air 
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A practical application of equation (2) is the cal- 
culation of the beam intensity (watts/cm?) at the exposed 
surface of the ball lens. For a 1 mm diameter ball lens of 
zirconia and a 400 micron diameter fiber with a numerical 
aperture of 0.22. the beam diameter at the ball surface 
is 0.23 mm. Eighty milliwatts are required to treat a 1 cm 
diameter tumor at a power density of 100 mW/cmz. The 
beam intensity at the ball surface calculates to be 190 
watts/cm*, a substantial energy flux. According to equa- 
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tion (1). the beam intensity drops to 100 mW/cm2 at 1 1 
mm from the lens in air. 

The focused fiber end or spot appears very uniform 
to the eye. Figure 5 is a plot of the measured light distri- 
bution across a spot at 4.1 cm from a 1 mm ball lens. 
The ball lens fiber was coupled to a helium-neon laser 
(633 nm wavelength) whose output was chopped at 1 .5 
kHz. The instrumentation consisted of a model 4010 
Laserguide fiberoptic light guide, a photodetector. an 
amplifier phase locked to the 1 .5 kHz signal, and a digital 
voltmeter. The light guide is a spherical diffuser normally 
used in PDT treatments of the bladder. It produces a 
spherically symmetric light field from a 1.7 mm diameter 
sphere of light diffusing material. Used in reverse it col- 
lects light from almost all directions. 

Measurements were made every 2mm across the 
beam. Each scan was repeated five times. The meas- 
ured values were averaged and normalized with respect 
to the center value. The data are plotted in Figure 5 with 
± one sigma error bars. The illumination is 80% or better 
of the maximum value over most of the beam cross sec- 
tion. The distribution is not exactly symmetrical because 
the ball and fiber were not perfectly aligned. The peaks 
near the center and the edge may be due to multiple 
reflections. 

rt should be pointed out that the material costs are 
low for the construction of this invention, as shown in Fig- 
ure 2. Five hundred of the 1 mm diameter balls were pur- 
chased from Precomp Inc. for less than 40$ each. The 
manufacturer's tolerances are ± 1 micrometer on the 
diameter and one-quarter wave or better at 587 nm on 
the sphericity. The 400 micron diameter optical fiber was 
purchased from Ensign- Bickford Optics at $4 per meter. 
This fiber has a hard polymer cladding and a tetzel jacket. 
It is a very durable f toer. 

Smaller diameter balls produce beams of greater 
divergence as shown in Rgures 6 and 7. relating respec- 
tively to 0.8 mm and 0.6 mm ball lens. The interior focal 
points are not as well defined in the 0.6 mm ball lens as 
in the 1 mm ball lens. This may indicate a fall-off in image 
quality with increasing curvature of the refractory sur- 
face. 

The trace of the horizontal ray emitted from the edge 
of the fiber is used to define the output beam size. The 
angle which this ray makes with the optical axis after 
refraction at the output surface is the half-angle beam 
divergence. This ray appears to come from a point on 
the optical axis close to the output surface of the sphere. 
Therefore, the beam diameter at any distance from the 
lens is given by twice the product of this distance and the 
tangent of the half angle divergence. 

Beam diameter plots for 1mm, 0.8 mm and 0.6 mm 
ball lenses in water and in air are shown in Figures 8A 
and 8B, respectively. The full angle of the beam diver- 
gence is given next to each curve. These angles are 
smaller when the ball lens is submerged because water 
reduces the refraction of rays at the output surface. The 
measured values for the 1 mm ball lens are in agreement 
with the theoretical prediction. By way of comparison, the 
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Laserguide Microlens Model 5060 has the same diver- 
gence as that predicted for an 800 micron diameter ball 
lens. 

Claims 5 

1 . A submersible lens fiberoptic assembly which can 
produce a highly divergent beam of light for use in a 
biological environment, especially forphotodynamic 
therapy (PDT) treatment, comprising: w 
an optical fiber (2 1 ) with an end face for emitting light 
energy, 

a fiber jacket means (22) for protecting said optical 
fiber, 

a ball lens (20) producing a controlled and highly 15 
divergent beam of light, and 
a housing means (23) fixed to said ffoer jacket 
means and enclosing said bail lens and said end 
face of said optical fiber in a predetermined relation- 
ship with respect to each other, 20 
characterized in that the ball lens (20) has an index 
of refraction greater than two for light in a wavelength 
of 630 nm and is disposed in front of said optical fiber 
end face for focusing the light beam from said optical 
fiber inside itself. 25 

2. A submersible lens fiberoptic assembly as claimed 
in Claim 1, wherein said ball lens (20) is made of 
zirconia material. 

30 

3. A submersible ball fiberoptic assembly as claimed 
in Claim 1 , wherein said housing means (23) and 
said fiber jacket means (22) are in threaded connec- 
tion so that the distance between the optical fiber 
end and said ball lens is adjustable. 35 

4. A submersible ball lens fiberoptic assembly as 
claimed in Claim 1, wherein said housing means 
(23) is made of brass. 
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1 . Tauchanordnung mit Linse und Faseroptik, die einen 
hochdivergenten Lichtstrahl fur die Verwendung in 
einer bidogischen Umgebung erzeugen kann. spe- 45 
ziell fur photodynamische Therapiebehandlung 
(PDT). mit: 

einer optischen Faser (21) mit einer Endflache zum 
Emittieren von Lichtenergie. 

einer Faserummantelungseinrichtung (22) zum 50 
Schutz der optischen Faser, 
einer Kugellinse (20), die einen gesteuerten und 
hochdivergenten Lichtstrahl erzeugt. und 
einer Gehauseeinrichtung (23). die an der Faserum- 
mantelungseinrichtung befestigt ist und die Kugel- 55 
linse und die Endflache der optischen Faser in einer 
vorbestimmten Beziehung zueinander einschlieBt, 
dadurch gekennzeichnet, daB die Kugellinse (20> 
einen Brechungsindex grdBer als 2 for Licht mit 



einer Wellenlange von 630 nm hat und vor der End- 
flache der optischen Faser angeordnet ist, urn den 
Lichtstrahl von der optischen Faser in sich selbst zu 
fokussieren. 

2. Tauchanordnung mit Linse und Faseroptik nach 
Anspruch 1 , bei der die Kugellinse (20) aus Zirkon- 
oxidmaterial besteht. 

3. Tauchanordnung mit Kugellinse und Faseroptik 
nach Anspruch 1. bei der die Gehauseeinrichtung 
(23) und die Faserummantelungseinrichtung (22) 
derail in Schraubverbindung miteinander stehen, 
daB der Abstand zwischen dem Ende der optischen 
Faser und der Kugellinie einstellbar ist. 

4. Tauchanordnung mit Kugellinse und Faseroptik 
nach Anspruch 1. bei der die Gehauseeinrichtung 
(23) aus Messing besteht. 

Revendications 

1 . Un ensemble submersible de f tore optique et lentille 
qui peut produire un faisceau de lumiere fortement 
divergent pour une utilisation dans un environne- 
ment biologique. notamment pour le traitement de 
therapie photodynamique (PDT). comprenant : 

une fibre optique (21) avec une face d'extre- 
mrt§ pour emettre de I'energie lumineuse, 

un moyen d'enveloppe de fibre (22) pour pro- 
teger ladite fibre optique, 

une lentille en forme de bille (20) produisant 
un faisceau de lumiere contrdle et fortement diver- 
gent, et 

un moyen de logement (23) fixe audit moyen 
d'enveloppe de fibre et entourant ladite lentille en 
forme de bille et ladite face d'extremite de ladite fibre 
optique selon une relation predeterminee I'une par 
rapport I'autre, 

caracte>ise en ce que la lentille en forme de 
bille (20) a un indice de refraction superieur a deux 
pour la lumiere dans une longueur d'onde de 630 
nm et est disposee en avant de ladite face d'extre- 
mite def ibre optique pour focaliser a I'interieur d'elle- 
meme le faisceau de lumiere provenant de ladite 
ftore optique. 

2. Un ensemble submersible de f tore optique et lentille 
selon la revendication 1, dans lequel ladite lentille 
en forme de bille (20) est realisee en un materiau 
d'oxyde de zirconium. 

3. Un ensemble submersible de f tore optique et lentille 
selon la revendication 1 , dans lequel ledit moyen de 
logement (23) et ledit moyen d'enveloppe de fibre 
(22) sont selon une liaison vissee, si bien que la dis- 
tance entre I'extremite de la f tore optique et ladite 
lentille en forme de bille est regiaWe. 
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4. Un ensemble submersible de fibre optique et lentille 
seion la revendication 1. dans lequel lecfit moyen de 
logement (23) est realise en laiton. 
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